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We explore some of the consequences of Dark-Matter–photon interactions on structure formation,
focusing on the evolution of cosmological perturbations and performing both an analytical and
a numerical study. We compute the cosmic microwave background anisotropies and matter power
spectrum in this class of models. We find, as the main result, that when Dark Matter and photons are
coupled, Dark Matter perturbations can experience a new damping regime in addition to the usual
collisional Silk damping effect. Such Dark Matter particles (having quite large photon interactions)
behave like Cold Dark Matter or Warm Dark Matter as far as the cosmic microwave background
anisotropies or matter power spectrum are concerned, respectively. These Dark-Matter–photon
interactions leave specific imprints at sufficiently small scales on both of these two spectra, which
may allow us to put new constraints on the acceptable photon–Dark-Matter interactions. Under the
conservative assumption that the abundance of 1012M⊙ galaxies is correctly given by the Cold Dark
Matter, and without any knowledge of the abundance of smaller objects, we obtain the limit on the
ratio of the Dark-Matter–photon cross section to the Dark Matter mass
σγ−DM
mDM
<
∼ 10
−6 σTh
100GeV
≃
6× 10−33 cm2GeV−1.
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I. INTRODUCTION
The nature of Dark Matter particles remains one of
the major challenges for both fundamental physics and
astrophysics. Whereas Cold Dark Matter (CDM) per-
fectly explains the formation of large scale structure [1]
on scales greater than 1Mpc, there seem to be various
discrepancies on smaller (subgalactic) scales. Some of
these come from the following.
1. N -body CDM simulations, which give cuspy ha-
los with divergent profiles toward the center [2],
in potential disagreement with the galaxy rotation
curves [3] and with observations from gravitational
lensing [4];
2. Bar stability in high surface brightness spiral galax-
ies which also demands low-density cores [5];
3. CDM models which for years have been seen to
yield an excess of small scale structures [6]. Numer-
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ical simulations [9] found 1–2 orders of magnitude
more satellite galaxies than what is observed [10].
However, recent work [11, 12, 13] indicate that
there may be no problem for the galaxy mass func-
tion after all.
4. The formation of disk galaxy angular momentum,
which is much too small in galaxy simulations [2].
Problems 3 and 4 can be solved with the usual Warm
Dark Matter (WDM) which experiences free streaming
and hence suppresses power on small scales [14, 15, 16].
Such a particle physics candidate is easy to find in a
minimalistic extension of the Standard Model, namely,
a sterile neutrino [17, 18, 19, 20]. However, collisionless
WDM does not solve problems 1 and 2 (see Ref. [21])
and one is therefore forced to propose more complicated
models like scenarios of nonthermal production of Weakly
Interacting Massive Particles (WIMPs) [22] for instance.
On the other hand, Strongly Interacting Dark Matter
(SIDM) has been suggested [23] to solve problems 1 and 2
and does so successfully provided the cross section is
within the range 2×10−25 cm2GeV−1 <∼ σDM−DM/mDM <∼
10−23 cm2GeV−1 [24, 25] (where mDM and σDM−DM are
the Dark Matter mass and self-interaction cross sec-
tion respectively). Problem 3 is also partly solved in
this scenario [24] but the survival of galactic halos ex-
clude the range 6× 10−25 cm2GeV−1 <∼ σDM−DM/mDM <∼
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22 × 10−20 cm2GeV−1 [26]. Furthermore, since the inner
regions of massive clusters are elliptical, one must have
σDM−DM/mDM <∼ 3 × 10−26 cm2GeV−1 [27]. One there-
fore concludes that the allowed cross section is slightly
too small and that SIDM, on its own, cannot solve prob-
lems 1–4.
This paper is finally motivated by the recent find-
ings [28] that either Dark-Matter–photon or Dark-
Matter–neutrino interactions can transfer to Dark Mat-
ter the damping that the photon or neutrino fluids un-
dergo. This process, characterized in the simplest cases
by an exponential cutoff in the matter power spectrum,
was referred to as “induced damping” in Ref. [28]. In
particular, by requiring that the damping induced by
relativistic particles does not wash out the Dark Mat-
ter primordial fluctuations responsible for the formation
of the smallest galaxies, it was found that the ratio
of the corresponding cross sections to the Dark Matter
mass must satisfy σγ−DM/mDM < 10
−30 cm2GeV−1 and
σν−DM/mDM < 10
−34 cm2GeV−1. It was then suggested
that, at the edge to be satisfied, these constraints could
provide an alternative scenario for Warm Dark Matter.
However, the exact value of these cross sections as well
as the shape of the resulting power spectrum depend on
the details of the interactions history of the fluids. We
therefore determine—in this paper—the transfer function
resulting from non-negligible interactions between Dark
Matter and photons. The case of neutrino–Dark-Matter
interactions will be examined in a subsequent paper. The
effects thereof are naturally different from those due to
self-interactions. However, one should keep in mind that
realistic a Dark Matter particle probably has interactions
both with itself and with other particles.
In Sec. II, we discuss the motivations for such Dark
Matter particles. In Sec. III we describe the effect of
Interacting Dark Matter1 (IDM) on the early evolution
of cosmological perturbations and, in Sec. IV, we give
an analytical fit to the main features produced by IDM
on the matter power spectrum. In the Conclusion, we
discuss the main result of our work, namely that, for Dark
Matter coupled to photons, the original fluctuations are
damped as soon as they enter the horizon, because of the
impeded growth due to this coupling. We also discuss a
few implications of this result.
II. MOTIVATIONS
Until the recent Dark Matter crisis, it was very well
known that weakly interacting particles with a mass
greater than a few keV (such as supersymmetric par-
ticles [29, 30, 31, 32] for instance) did not suffer from
1 In the following, we shall adopt the notation of Interacting Dark
Matter for convenience but the reader has to remember that only
Dark-Matter–photon interactions are investigated in this paper.
prohibitive free streaming [33] or collisional damping ef-
fects [34] and could therefore represent a very promising
solution to the Dark Matter puzzle. In fact, the inter-
actions of such particles are generally assumed to be so
weak that they can be neglected as far as structure for-
mation is concerned.
However, the precise order of magnitude of the Dark
Matter interactions for which it is justified to neglect
these damping effects has never been given explicitly. A
hint at the answer comes from investigating both the free
streaming and collisional damping scales of Dark Matter
primordial fluctuations, taking into account all the pos-
sible interactions. By requiring that the latter do not
wash out the fluctuations responsible for the formation
of the smallest primordial structures [Mstruct ∼ (106–
109)M⊙], one can obtain bounds on the Dark Matter
particle’s mass and interaction rates.
Let us consider primordial fluctuations made of Dark
Matter and ordinary species like photons, neutrinos,
baryons, and electrons, etc. One can show that the
largest collisional damping effects may be due to the
Dark Matter interactions with relativistic particles (e.g.,
neutrinos and photons). Focusing on the Dark-Matter–
photon interactions, an analytic calculation [28] shows
that Dark Matter must decouple from the photons at a
redshift zdec greater than ∼ 105 to ensure that the spec-
trum at scales k ≤ kstruct ∼ 10–100Mpc−1 (correspond-
ing to the mass Mstruct given above) is not exponen-
tially damped by the photon interactions with baryons
and electrons. Because of the exponential nature of the
collisional damping effect, this necessary condition holds
whatever the amplitude of the initial fluctuation spec-
trum is, and whatever its past history is.
The bound on zdec can actually be translated into
a limit on the Dark-Matter–photon interaction rate
which finally turns into a constraint on the ratio of the
photon–Dark-Matter cross section (at the DM−γ decou-
pling) to the Dark Matter mass: 〈σγ−DMv〉 /(mDMc) <
10−30 cm2GeV−1 (here the angular brackets denote the
statistical average owing to the fact that the coupling is
due to momentum transfer). Thus, the lower the cross
sections are, the smaller the Dark Matter mass must be
in order to maintain the thermal equilibrium a for very
long time.
The properties of such interacting Dark Matter have
already been discussed in Ref. [28] (and will be so in more
details in [35]). In particular, it was pointed out that if
they thermally decouple at a redshift2 close to z ∼ 105
they may behave as WDM particles erasing structures
with a size smaller than 10–100 kpc. Many other cases of
WDM were considered in these papers but that of large
Dark-Matter–photon interactions is especially interesting
because one may expect some modifications in both the
2 The value of the redshift corresponding to the Dark-Matter–
photon decoupling will be determined properly in this paper.
3Cosmic Microwave Background (CMB) and matter power
spectra.
Despite their rather strong interactions with pho-
tons, these Dark Matter particles may still be consid-
ered as “dark” particles. Their thermal decoupling in-
deed occurs much before the recombination epoch and
they therefore keep the Universe transparent to pho-
tons from the last scattering surface to nowadays (as
in the standard scheme). However, one may wonder if
this Dark Matter is able to accumulate into stars and
whether or not it may affect their properties. Note
that, for the cross sections mentioned above, Dark Mat-
ter particles—once thermalized—have a mean free path
λDM ∼ (mDM/1GeV)1/2R⊙ within the sun, potentially
giving rise to heat conduction if their mass is smaller
than a few GeV. For mDM > mp ∼ 1GeV [36], on the
other hand, one expects Dark Matter to be able to evap-
orate so that no Dark Matter particles would be left in
the sun. A γ − DM cross section ∼ 100 times lower (as
we shall be led to consider below) would predict even less
accumulation in the sun.
A lower limit on the Dark Matter mass can be inferred
from the free streaming constraint. As far as our specific
interaction rates are concerned, the well known condi-
tion mDM > 1 keV [37] (obtained for a weakly-interacting
species) has to be replaced [28] by mDM > 1MeV. These
limits, however, hold as long as the thermal decoupling of
Dark Matter occurs before the gravitational collapse and
would be disregarded if we were considering at the same
time extremely strong Dark Matter self-interactions for
instance (see the discussion in [28] for the exact condi-
tions of validity).3
The condition mDM > 1MeV also ensures that the
number of relativistic degrees of freedom during the pri-
mordial nucleosynthesis is the usual one.4 Hence, one
does not expect any problem concerning primordial nu-
cleosynthesis in this case.
Dark Matter particles must also have an acceptable
relic abundance. This requirement actually constrains
the nature of Dark Matter. We are considering, indeed,
large elastic cross sections from 10−33 to 10−27 cm2 for
a Dark Matter mass in the MeV–TeV range for instance
(according to the previous analytical estimate [28]). If
there exists any symmetry between elastic and annihila-
tion cross sections, this may provide annihilation cross
sections much larger than the ones required for Weakly
Interacting Massive Particles which are expected to be
roughly of the order of 10−36 cm2 (for particles having
chemically decoupled at their nonrelativistic transition).
However, this constraint is obtained by assuming that the
3 It should be stressed that in our specific model the thermal de-
coupling of Dark Matter is fixed by the Dark-Matter–photon
decoupling.
4 Open windows for mDM <∼ 1MeV would require a more involved
scenario [35]. Together with galaxy dynamic results, this would
make such a case very unlikely.
number of Dark Matter particles is exactly equal that of
anti-Dark-Matter particles in the primordial Universe (or
assuming that Dark Matter particles are Majorana parti-
cles). It can be disregarded if one makes the assumption
that there exists a primordial asymmetry between parti-
cles and anti particles so that large elastic photon–Dark-
Matter cross sections may finally be relevant. Such Dark
Matter particles would then behave like baryons but with
smaller interaction rates and would probably be neu-
tral to avoid important reionization effects. This should
therefore exclude, in principle, tree-level elastic and anni-
hilation cross sections between fundamental Dark Matter
particles and photons.
On the other hand, it is quite interesting to note that
these constraints on the elastic cross sections from struc-
ture formation potentially imply annihilation cross sec-
tions (into two photons) close to the one proposed in
Ref. [38] to make strongly annihilating Dark Matter a
possible solution to the CDM crisis.5 This, in fact, still
represents an open possibility as discussed in Ref. [39].
As mentioned previously, large elastic scattering cross
sections may imply large annihilation cross sections. If
the latter exceed 10−36 cm2, the condition for having
an acceptable relic abundance leads to requiring an ini-
tial asymmetry between Dark Matter particles and anti
particles. This asymmetry implies that no anti parti-
cles should be left after the Dark Matter annihilation
in the primordial Universe (unless one imposes a very
large, quite unnatural fine-tuning). Therefore, in this
case, there should not be any further annihilation of Dark
Matter particles with their anti particles in the center of
galaxies or in galaxy clusters (similarly to baryons ac-
tually). No extra X-ray emission can then be expected
from such Dark Matter particles (still assuming they have
a too large annihilation cross section). This could in fact
provide an important signature. If for one reason or an-
other Dark Matter is shown to annihilate in the galactic
center or in cluster of galaxies, one should be able to rule
out such strongly interacting particles (for masses greater
than a few MeV as we will see in the following, depend-
ing on the scale of the structures considered) or at least
to strongly constrain their characteristics. In any case,
it would become necessary to investigate their properties
more closely.
On the other hand, one could also relax the assumption
of a crossing symmetry between the elastic and the an-
nihilation cross sections. However, it is hard in this case
to predict whether the annihilation cross section would
be much larger than the elastic cross section or not since
no realistic models exhibit such an asymmetry.
At low energy, the elastic scattering cross sections
should not induce any deviations from the black body
spectrum. In any case, particles annihilating before
5 However, as we will see in the next section, the constraints we
will finally obtain in this paper are smaller by a factor ∼ 10−3.
4(or around) z ∼ 1010 and thermally decoupling before
z ∼ 105 leave enough time for any irregularity to be
erased at the recombination epoch (because of the usual
coupling between photons and baryons). At least, if some
distortions exist, they should be very small.
Finally, a still important question concerns the signa-
ture of such interactions in the CMB and matter power
spectra. This is precisely the aim of the present paper.
We shall adopt the definitions given in [28], following
which:
• particles having a collisional damping or free
streaming length of the order of lstruct ∝ k−1struct
are called Warm Dark Matter; and
• particles having a collisional damping or free
streaming length much lower than lstruct ∝ k−1struct
are called Cold Dark Matter.
This actually differs from the current WDM definition
since we now take into account the possibility that Dark
Matter may be “warm” not because of its mass but be-
cause of its interactions with another species (referred to
as “induced damping” effects in [28]). Since the above
criteria are based on the shape of the matter power
spectrum (not on the form of the CMB spectrum), the
signature of such Interacting Dark Matter in the CMB
anisotropies cannot be easily inferred without performing
numerical calculations. We now investigate how such a
kind of Dark Matter changes the relevant equations for
determining both the CMB and the matter power spec-
tra.
III. THE PHYSICS OF INTERACTING DARK
MATTER
In this section, we first recall the main physical ef-
fects that arise when one considers coupled fluids. As
a warm-up, we shall recall the main equations governing
the evolution of the photon–baryon plasma before recom-
bination (Sec. III A). We then write the modified pertur-
bation equations for the cosmological perturbations in-
cluding Interacting Dark Matter (Sec. III B) and study
the damping experienced by Dark Matter fluctuations
(Secs. III C–III F). Finally, the most prominent observa-
tional consequences of IDM on Cosmic Microwave Back-
ground (CMB) anisotropies (Sec. IIIG) and on matter
power spectrum (Sec. III H) are discussed.
A. Reminder of the influence of Thomson
scattering on cosmological perturbations
The aim of this paper is to study the interactions
between Dark Matter and photons which are a priori
quite similar to Thomson scattering between photons and
baryons. Therefore, we shall first recall the standard case
of photons coupled to baryons through Thomson scatter-
ing cross sections and collisionless Dark Matter. Indeed,
as we will see later, some of the effects that affect the
baryon fluid are also present for Dark Matter.
In the following sections, we will introduce the Eu-
ler equation for photons, baryons, and Dark Matter
(Sec. III A 1), and then compute the Dark Matter pertur-
bation evolution (Sec. III A 2). We describe a situation
in which the coupling between photons and baryons can
play a significant role, and describe the usual damping
phenomena which can affect the cosmological perturba-
tions (Sec. III A 3).
1. Photon and baryon Euler equations
We consider nonrelativistic baryons coupled to photons
through Thomson scattering. The corresponding Euler
equations for these two fluids are
v˙b = kΦ−Hvb −R−1κ˙(vb − vγ), (3.1)
v˙γ = kΦ+
1
4
kδγ − 1
6
kπγ − κ˙(vγ − vb), (3.2)
where an overdot denotes a derivative with respect to the
conformal time η, H is the conformal Hubble parameter
(H ≡ a˙/a with a being the scale factor), δX , vX , and πX
represent the density contrast, the velocity divergence,
and the anisotropic stress of the species X , respectively
(we work in Newtonian gauge), and Φ is the Bardeen
potential (see, e.g., Refs. [40, 41, 42]). The Thomson
scattering term between photons and baryons reads
κ˙ = aσThne, (3.3)
where σTh is the standard Thomson scattering cross sec-
tion, and ne is the free electron number density. This
quantity is also referred to as the differential opacity since
it also gives the scattering rate of a photon by free elec-
trons. Finally, R denotes the “baryon-to-photon ratio,”
that is,
R ≡ 3
4
ρb
ργ
. (3.4)
This factor in the baryon Euler equation ensures that the
overall momentum is conserved for the two fluids.
2. The growth of Dark Matter perturbations
Usually, Dark Matter is not coupled to any species (ex-
cept through gravitational interactions) so that its per-
turbations follow the simple equation
v˙DM = −HvDM + kΦ. (3.5)
It is well known that in the matter dominated epoch, the
above equation implies that Dark Matter density pertur-
bations grow as the scale factor: δDM ∝ a.
In the radiation dominated epoch, it is also well known
that the Dark Matter density contrast [as soon as the
5fluctuation enters into the Hubble radius (say k > H =
η−1)] grows logarithmically [43] as
δDM ∼ δkB(kη), (3.6)
where
B(kη) ∼ 1− α ln(kη) + β ln2(kη), (3.7)
with α = vk/δk ∼ 0 and β = Φk/δk ∼ 1, where δk, vk,Φk
are the amplitudes of the corresponding quantities at
kη ≪ 1 (i.e., well before entering the Hubble radius; the
actual values of α and β actually depend on the initial
conditions given, e.g., by inflation; see, for example, [44]).
This yields approximately B(kη) ∼ 1 + ln2(kη).
It is particularly important to compute this quantity
since the growth (3.6) will be suppressed when we con-
sider the case where Dark Matter is coupled to photons
when it enters into the Hubble radius.
3. Free streaming and collisional damping
For standard cosmological perturbations, there are es-
sentially two damping phenomena: one (which mainly
concerns neutrinos) is free streaming, and the other one
(which concerns photons) is collisional damping. Both of
these are related to the presence of a small but nonzero
anisotropic stress in Eq. (3.2). In order to compute this
anisotropic stress, one must remember that the usual Eu-
ler equation is in fact part of the hierarchy of the Boltz-
mann equation in which one expands the angular depen-
dence of the temperature contrast Θ in terms of multi-
poles, which obey the following hierarchy:
Θ˙ℓ =
k
2ℓ+ 1
[ℓΘℓ−1 − (ℓ+ 1)Θℓ+1] + Sℓ − κ˙Θℓ.(3.8)
This hierarchy involves source terms Sℓ, which include
gravity, polarization, etc. [40, 41, 42]. For ℓ = 1, by
comparing Eq. (3.8) to Eq. (3.2), we easily recover
Θ0 = δγ , (3.9)
Θ1 =
4
3
vγ , (3.10)
Θ2 =
1
4
πγ . (3.11)
Photon free streaming occurs when both Thomson scat-
tering and the source terms are negligible. In this case,
the hierarchy admits a simple solution involving spherical
Bessel functions:
Θℓ ∝ jℓ(kη) ∝ sin(kη + φ)
kη
, kη ≫ 1. (3.12)
The interpretation of this behavior is that, since the mean
free path of the photons is very large, they simply flow
away from the overdense region toward the underdense
regions.
On the contrary, collisional damping appears when
photons and baryons are strongly coupled. For ℓ = 2,
Eq. (3.8) becomes
Θ˙2 =
k
5
(2Θ1 − 3Θ3) + S2 − κ˙Θ2. (3.13)
For higher multipoles strong coupling implies that for
ℓ > 2, Θℓ ∝ κ˙−(ℓ−1). For ℓ = 2, if we can neglect S2, we
have
Θ2 =
2
5
k
κ˙
Θ1, (3.14)
(If one takes polarization into account, then S2 is of the
same order of magnitude as κ˙Θ2, and the above two equa-
tions are modified by small numerical factors.) Injecting
this result into Eq. (3.2) and also taking into account the
Boltzmann equation for ℓ = 0, one obtains a damped
oscillator equation, in which the term involving πγ acts
as a damping term, which takes into account both vis-
cosity and heat conduction. This damping is seen to be
exponential and appears only when k2 ≫ κ˙/η. The inter-
pretation of the above limit is that the damping occurs
only for scales smaller than the photon diffusion length.
In conclusion, the photon density perturbations follow
δγ ∼ δk cos(kη/
√
3)e−
2k2η
15κ˙ . (3.15)
(We have taken the limit R → 0 here and neglected the
influence of polarization; see Refs. [45, 46] for more de-
tailed calculations.)
Cosmological baryon density perturbations will essen-
tially follow the evolution of photon fluctuations as long
as strong coupling is effective. At sufficiently small
scales, they will therefore be damped before recombina-
tion. However, they will rapidly fall into the Dark Mat-
ter potential well afterward, so that any damping in the
baryon fluid is rapidly “forgotten” after recombination.
Of course, this occurs only because there is an “extra”
fluid (Dark Matter) which was never coupled to photons
and which can subsequently have some gravitational in-
teractions with baryons.
We shall now investigate how these conclusions are
modified by the presence of Interacting Dark Matter.
B. Perturbation equations for IDM
Assuming IDM is always nonrelativistic during the
epochs of interest, and interacts with photons only, we
have the following modified Euler equations for baryons,
photons, and Dark Matter:
v˙b = kΦ−Hvb −R−1κ˙(vb − vγ), (3.16)
v˙γ = kΦ+
1
4
kδγ − 1
6
kπγ
−κ˙(vγ − vb)− µ˙(vγ − vDM), (3.17)
v˙DM = kΦ−HvDM − S−1µ˙(vDM − vγ), (3.18)
6where we have set
S ≡ 3
4
ρDM
ργ
(3.19)
(note that we also have S ∝ a and that 1+R−1, 1+S−1 ∝
a−1 at early times and ∼ 1 at late times), and where µ˙
represents the interaction rate between photons and Dark
Matter. By analogy with Eq. (3.3), we write
µ˙ ≡ aσγ−DMnDM, (3.20)
where nDM = ρDM/mDM is the Dark Matter number den-
sity and σγ−DM is the photon–Dark-Matter cross section.
For simplicity, we shall assume that it is constant at low
energy as for the Thomson scattering case. Since both
Dark Matter and baryons are supposed to be nonrela-
tivistic, both µ˙ and κ˙ behave as a−2 at high redshift.
Their ratio is therefore constant in this regime, and is
characterized by the parameter
u ≡
[
σγ−DM
σTh
] [ mDM
100GeV
]−1
. (3.21)
This reads µ˙ = uκ˙ΩDM/106Ωb, or µ˙ ∼ 116uκ˙ with our
choice of cosmological parameters. We emphasize that
the above parameter u (measuring the relative size of µ˙
and κ˙) is defined before recombination. Note that after
recombination κ˙ is strongly suppressed (by a factor ∼
10−4, see [37]) because of the drastic subsequent drop in
the free electron density, while we assume that µ˙ never
suffers from such a modification.
We shall now investigate the damping experienced by
the Dark Matter perturbations because of their coupling
with photons.
C. Dark-Matter–photon coupling
For many cases of interest, the differential opacity µ˙
is large compared to the wavenumber k. In other words,
the photon mean free path is small compared to the scale
of interest. This is true, in particular, at high redshift,
because µ˙ grows as (1 + z)2. In practice, one obtains a
stiff system of equations, which physically means that the
relative velocity between the two species is small, so that
they can be considered as a single fluid. It is therefore
more convenient to consider the following two quantities:
vγDM ≡ vγ + SvDM
1 + S
, (3.22)
wγDM ≡ vγ − vDM. (3.23)
In term of these two variables, we have
vγ = vγDM +
S
1 + S
wγDM, (3.24)
vDM = vγDM − 1
1 + S
wγDM. (3.25)
Keeping in mind that S ∝ a, so that S˙ = HS, we then
have
v˙γDM = kΦ +
k
1 + S
(
1
4
δγ − 1
6
πγ
)
− S
1 + S
HvγDM
− κ˙
1 + S
(vγ − vb), (3.26)
w˙γDM =
1
4
kδγ − 1
6
kπγ − κ˙(vγ − vb)
−1 + S
S
µ˙wγDM. (3.27)
In order to study the evolution of these quantities, we
have to consider various cases, depending on the relative
values of k, H, and (1 + S−1)µ˙. For a given wavelength,
these various case occur in the following chronological
order:
• Case 1: Large wavelength limit. This occurs
when a given wavelength has not yet entered into
the Hubble radius:
k < H. (3.28)
In this case the cosmological perturbations do not
experience any significant evolution, whatever the
amplitude of the scattering is. Large wavelengths
eventually enter into the Hubble radius after Dark
Matter has decoupled from photons. In this case,
we switch directly to case 4 below. Otherwise, we
have case 2.
• Case 2: Strong coupling regime. This occurs
when the scattering rate is higher than the expan-
sion rate and the photon oscillation frequency:
H < k < (1 + S−1)µ˙. (3.29)
In this case, Eq. (3.27) reduces to
wγDM =
1
(1 + S−1)
k
µ˙
×
(
1
4
δγ − 1
6
πγ − κ˙
k
(vγ − vb)
)
. (3.30)
The anisotropic stress can be neglected in the above
equation, whereas in Eq. (3.26) one has
πγ =
8
5
k
κ˙+ µ˙
vγ . (3.31)
This ensures that the bulk velocities of the two flu-
ids are almost identical, so that vγDM can be re-
placed by vγ in Eq. (3.26). Microphysics plays
a significant role in the evolution of the cosmo-
logical perturbations. Thus, although small [see
Eq.(3.31)], the photon anisotropic stress cannot be
neglected. In particular, this is the regime in which
the photon fluctuations—with their Silk damping—
are fully transferred to the Dark Matter.
7• Case 3: Weak coupling regime. This represents
the intermediate case, where
H < (1 + S−1)µ˙ < k. (3.32)
This regime always occurs between the strong cou-
pling regime and decoupling since the interaction
rate must drop below k before reaching H. This
regime is really effective when it lasts several ex-
pansion times, and gives rise to new, unexpected
effects.
This regime, indeed, is new: for baryons coupled
to photons, it is not relevant. Thomson scatter-
ing gives rise to the same succession of events:
k < H, H < k < (1 + R−1)κ˙. However, in
this case, for the relevant wavelengths, recombina-
tion occurs in the strong coupling regime. Thus,
within a negligible fraction of time, one switches
to (1 + R−1)κ˙ < H < k, therefore skipping the
weak coupling regime. Moreover, the damping due
to the weak coupling regime is due to an averaging
of the photon fluctuations, which are transmitted
to the Dark Matter, over many oscillations. This
requires in the baryon case kδτ ≫ 1, where δτ is
the thickness of the last scattering surface. In this
regime, many other sources of damping are present,
compared to which weak coupling effects are negli-
gible. The weak coupling regime for baryons does
not occur for waves of horizon size such as the ones
considered for Dark Matter.
• Case 4: No coupling. This occurs when the scat-
tering rate is negligible with respect to the expan-
sion rate:
(1 + S−1)µ˙ < H < k. (3.33)
In this case, it is safe to neglect all the terms
involving DM − γ scattering in the above equa-
tions (3.17,3.18) and the two fluids evolve indepen-
dently from each other.
Clearly, the interesting cases to be discussed are cases 2
and 3.
D. Dark-Matter–photon decoupling before
recombination
The (more interesting) case we will focus on in de-
tail is when Dark Matter is coupled to photons and the
photon interactions are dominated by the Thomson scat-
tering process (e.g., when the photon–Dark-Matter in-
teractions decouple before recombination). We will also
assume that we are before the radiation to matter transi-
tion. In this case, the Dark Matter perturbations will be
driven by the photon perturbations, which follow their
usual behavior. As we suppose Dark Matter decouples
from photons before recombination, we have u < 2. This
implies that the photon coupling is stronger with baryons
than with Dark Matter. This condition is valid for any
realistic nonzero Dark-Matter–photon interactions. De-
pending on the amplitude of the photon–Dark-Matter
coupling (and, hence, on the epoch where they decouple)
several different effects are to be expected. We are now
going to discuss cases 2 and 3 defined above (strong and
weak coupling).
For simplicity, we have considered only the case of a
radiation dominated Universe, with R,S ≪ 1. This will
be sufficient to explain the important results: the only
cases where this does not hold are not relevant, because
realistic models predict that Dark Matter must decouple
from the photons before equality [28]. A more complete
classification may be found in Ref. [35]. The extension
to the matter dominated case, if desired, is straightfor-
ward anyway. Our numerical results are of course given
without such a restriction.
1. Strong coupling regime (H < k < S−1µ˙)
In this case, we have δDM ∼ δγ , with the photon fluc-
tuations given by their usual expression (3.15).
a. Late decoupling. Collisional damping in the Dark
Matter fluid occurs when the photons are subject to
damping, which is due—as usual—to the presence of the
baryons, when k2 ≫ κ˙/η. This as previously implies
many oscillations after the mode k enters into the Hub-
ble radius before damping is to occur (Fig. 1). Of course,
as one can see on Fig. 1, the damping phenomenon starts
later, but lasts longer and is more important as the
γ − DM cross section increases. Note also (this will be
important later) that the epoch at which the collisional
damping stops is difficult to compute. In the case con-
sidered here, it occurs when Φ in Eqs. (3.16–3.18), al-
though quite small, is no longer negligible compared to
the strongly damped density contrasts. In other words,
the damping stops when gravity becomes the dominant
term in the Euler equation.
b. Early decoupling. As opposed to the above case,
for much smaller cross section, there still can be cou-
pling between Dark Matter and photons, but without
collisional damping at the scales of interest. This occurs
for cross sections sufficiently small so that the decoupling
occurs soon after the mode enters into the Hubble radius,
in which case only the small logarithmic growth (3.6) of
Dark Matter perturbations during the radiation domi-
nated epoch can be suppressed. Some example of this
are shown on Fig. 2. Note that the suppression of the
logarithmic growth during the radiation era is enough to
reduce the power spectrum of the Dark Matter fluctua-
tions by one order of magnitude, which is already a large
effect.
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FIG. 1: Evolution of Dark Matter density perturbation as a
function of the redshift for various (large) interaction rates
with photons, all leading to collisional damping. In this
plot, as in the others, we consider a Dark Matter model
with a cosmological constant, with h = 0.65 (i.e., H0 =
100h km s−1Mpc−1), ΩΛ = 0.7, Ωmat = 0.3, Ωbh
2 = 0.019,
and a scalar perturbation index nS = 1. We have consid-
ered the mode k = 40Mpc−1. At z > 107, the mode is out-
side the Hubble radius and the perturbation is frozen. The
perturbation first experiences undamped oscillations (strong
coupling regime) and then exponentially damped oscilla-
tions, corresponding to the collisional damping regime. The
γ − DM cross sections are parameterized by the quantity
u ≡ [σγ−DM/σTh][mDM/100GeV]
−1.
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FIG. 2: Evolution of CDM density perturbation as a func-
tion of the redshift for various (small) interaction rates with
photons. As expected, for sufficiently small cross sections, al-
most no effect is noticeable. For slightly larger cross sections,
the coupling between Dark Matter and photons stops just af-
ter the mode has entered into the Hubble radius, preventing
the perturbation from experiencing the small growth in the
radiation dominated era.
2. A new damping regime: The weak coupling regime
(H < S−1µ˙ < k)
When one considers cross sections intermediate to
those considered in the above paragraphs, a new phe-
nomenon can occur. For this, several conditions must be
satisfied.
1. The coupling between Dark Matter and photons is
sufficiently small so that we have vDM 6∼ vγ .
2. The coupling between Dark Matter and photons is
sufficiently large so that the velocity of Dark Mat-
ter perturbation is “driven” by that in the pho-
ton perturbations: this means that they experi-
ence oscillation at the same frequency and therefore
v˙DM ∼ (k/
√
3)vDM.
3. Gravity must be negligible in the Dark Matter Eu-
ler equation.
It is easy to see that this can occur in the above defined
weak coupling regime. Then, Eq. (3.18) reduces to
v˙DM ≃ S−1µ˙vγ ∝ kvDM. (3.34)
This implies
δDM ∼ S
−1µ˙
H
sin(kη/
√
3)
kη/
√
3
e−
2k2η
15µ˙ , kη ≫ 1. (3.35)
Now, in the radiation dominated era, as long as there
is no collisional damping between photons and baryons,
vγ experiences undamped oscillations. This means that
the Dark Matter fluctuations are damped as S−1µ˙ as a
function of time, that is, as a−3.
Except for a time-dependent normalization factor
(which reduces to unity at the DM − γ decoupling),
this form is very similar to the damping due to the free
streaming of a relativistic fluid. Obviously, in the present
case, the fluids are coupled and far from free streaming.
Both the photon and Dark Matter mean free paths are
still small; therefore we are well in the collisional regime.
However, the coupling rate between Dark Matter and
photons S−1µ˙ is much smaller than the photon oscil-
lation frequency k/
√
3. The slow reaction of the Dark
Matter to the photon oscillations then mixes modes with
different phases, as does the free streaming process which
collects particles of different origin. Of course, should vγ
be damped or affected by another fluid for one reason or
another, then the CDM fluctuations would also feel it.
For example, collisional damping in the photon–baryon
fluid may already be at work in the weak coupling regime,
or may also be effective after weak coupling occurs and
thus less apparent. This is in fact what we can barely see
on Fig. 3 for the highest cross section where the damping
obviously increases soon before decoupling.
To be fully developed, the weak coupling regime re-
quires k ≫ H. For k ≥ H, which will be a case of impor-
tance below, it is not well separated from the strong cou-
pling regime. Due to the rapid variations in time of S−1µ˙
910-11
10-10
10-9
10-8
10-7
10-6
10-5
10-10 10-8 10-6 10-4 10-2 100
δ C
DM
1/(1+z)
u = 10-6
u = 10-5
u = 10-4
FIG. 3: Evolution of CDM density perturbation as a function
of the redshift for various (intermediate) interaction rates with
photons. As explained in the text, the Dark Matter perturba-
tions experience a power law decay due to their weak coupling
to photons. This is the main effect we can expect to have at
small scales for acceptable cross sections.
compared to cos(kη/
√
3) near kη ∼ 1, Eq. (3.37) still
holds during the first few oscillations. The Dark Matter
fluctuations are thus given by Eq. (3.37) for k ∼ H, that
is kη ∼ 1, and go over to Eq. (3.35) for kη ≫ 1.
E. Dark-Matter–photon decoupling after
recombination
In this nonstandard scheme, the photon–Dark-Matter
interactions decouple after the recombination epoch.
This is therefore the case where the usual coupling be-
tween photons and baryons is vanishingly small after re-
combination as oppose to the coupling between photons
and Dark Matter. With our choice of cosmological pa-
rameters, this case occurs for u > 2. This unrealistic ex-
ample is given here for pedagogical purpose only. Clearly,
collisional damping in this case is larger than the Silk
damping, implying that this scenario is of no cosmologi-
cal relevance.
As Dark Matter and photons are more tightly coupled
than photons and baryons, the damping of the fluctua-
tions is there due to the interaction of the photons with
the Dark Matter, not with the baryons. In this case the
expression (3.31) for πγ becomes
πγ ∼ k
µ˙
8
5
vγ . (3.36)
Hence, after recombination (and also before recombina-
tion in case µ˙ > κ˙, that is u > 16), we have
δDM ∼ δγ ∼ δk cos(kη/
√
3)e−
2k2η
15µ˙ . (3.37)
Note that even in this case, the damping starts only after
many oscillations as one must require k2 ≫ µ˙/η, which
may not yet hold when the mode enters into the Hubble
radius. Figure 1 shows some examples of Dark Matter
and photons experiencing collisional damping due to γ−
DM interactions.
F. Dark Matter damping factor
We may now evaluate the total damping at the decou-
pling of the Dark Matter with the photons. Provided the
fluctuations are not too much damped (this is indeed the
only relevant case: it is of no interest to evaluate very
accurately fluctuations which are negligible), it is given
by Eqs (3.15) or (3.35) to which the exponential colli-
sional damping is added. The latter is to be taken at the
time where the Dark Matter decouples from the photons,
namely, η = ηdec, the solution of S
−1µ˙ ∼ H:
TIDM ∼ cos(kηdec/
√
3)
B(kηdec)
e−
2k2ηdec
15κ˙ , kηdec ∼ 1, (3.38)
TIDM ∼ sin(kηdec/
√
3)
B(kηdec)kηdec/
√
3
e−
2k2ηdec
15κ˙ , kηdec ≫ 1.(3.39)
The preexponential oscillating factor is the reduction due
to the strong and weak coupling to the photons, and
B(kηdec) is the (logarithmic) reduction due to the im-
peded growth of the Dark Matter fluctuations compared
to the noninteracting case. These factors come into play
as soon as kηdec is larger than unity, that is, for the
modes which just enter the Hubble radius at the DM−γ
decoupling. The exponential factor is the damping due
to viscous effects. It enters into play for modes which
are of the size of the length traveled by the collisional
photons at the time of the DM − γ decoupling. Due to
the strong γ − e interaction, this length is in the present
case much smaller than the Hubble radius.
G. CMB anisotropies
When computing the CMB anisotropies, one must take
into account the modification to the photon Boltzmann
hierarchy induced by the Dark Matter interactions. This
is due to the fact that both free electrons and Dark Mat-
ter particles are responsible for photon scattering. For
the scalar part of the multipoles Θℓ of the distribution
function, one now has
Θ˙ℓ =
k
2ℓ+ 1
[ℓΘℓ−1 − (ℓ+ 1)Θℓ+1] + Sℓ − (κ˙+ µ˙)Θℓ,(3.40)
where Sℓ is the usual source term which also involves an
extra term involving the Dark Matter velocity, as photons
can scatter on both baryons and Dark Matter. Obviously,
the differential opacity is now κ˙+ µ˙, which can in some
cases be different from the usual term κ˙. In this case, re-
combination and the subsequent drop in the free electron
density do not necessarily imply photon decoupling be-
cause of their interactions with Dark Matter. Therefore,
10
101
102
103
104
10 100 1000
T 02
 
[l(l
+1
) C
l / 
2pi
] (µ
K2
)
l
u < 10-4
u = 10-3
u = 10-2
u = 10-1
u = 100
FIG. 4: Influence of Interacting Dark Matter on the CMB
anisotropy spectrum as a function of the Dark-Matter–photon
cross section. The most spectacular effect which occurs at suf-
ficiently large σγ−DM is the apparent damping due to the large
width of the last scattering surface, with some additional colli-
sional damping due to photon–Dark-Matter interactions, and
a slight shift of the Doppler peaks due to the decreases of the
sound speed in the Dark-Matter–baryon–photon “plasma”.
large interactions between Dark Matter and photons can
significantly delay the epoch of photon last scattering.
The net effect will be to enlarge the width of the last
scattering surface, and hence to increase the damping of
the observed CMB anisotropies. Of course, the effect is
qualitatively similar to late reionization. The presence
of several Doppler peakw as detected by the most recent
experiments [47, 48, 49] therefore puts a firm upper limit
on the Dark-Matter–photon cross section: its contribu-
tion to the differential opacity must be small at z ∼ 1000.
Some examples are represented on Fig. 4. We therefore
have by eye the constraint
σγ−DM
mDM
<∼ 10−3
σTh
100GeV
. (3.41)
Actually, this is roughly speaking the constraint that one
must have in order not to significantly increase the opac-
ity just after recombination.
In addition, some other effects are in principle observ-
able on the CMB anisotropy spectrum.
• First, one expects that there will be collisional
damping on small scales, which will also produce
an exponential cutoff in the spectrum (this will
be discussed later). For realistic cross sections,
which could damp perturbations below 100 kpc ∼
10−3100Mpc, this occurs roughly at angular scales
∼ 103 smaller that the first Doppler peak, i.e.,
around ℓ ∼ 105 ! This is of course far too small
to be observable even in the far future. For higher
cross sections, the effect can be similar to that of
large width of the last scattering surface. Distin-
guishing between the two is not easy, but it happens
that the latter is dominant in our model.
• Second, the sound speed is modified by the presence
of Dark Matter. The sound speed is now
cs =
1√
3
1
(1 +R+ S)
1
2
, (3.42)
instead of [3(1 + R)]−
1
2 in the case of strong cou-
pling. This means that if Dark Matter is still
coupled to photons at last scattering, the acous-
tic oscillation will have a lower frequency and the
Doppler peak structure will be shifted to higher
multipoles. This is what we can see on Fig. 4
for σγ−DM = 10
−1, 10−2σTh. For lower cross sec-
tions, Dark Matter has already decoupled at z ∼
1000, and for higher cross sections, the exponential
damping also significantly shifts the peak positions
in the other direction. It seems that one cannot
easily shift the peak position in that way without
also modifying the photon last scattering history.
This is due to the fact that there is a priori no rea-
son for a violent drop in µ˙ around z ∼ 1000 as is
the case for κ˙ (see also [50]).
It happens that these effects are unobservable in realistic
models given the much stronger constraints that arise
from the matter power spectrum.
H. Matter power spectrum
When studying the influence of IDM on the matter
power spectrum, one can expect to observe four different
regimes.
• For small k (large wavelengths), the perturbations
enter the Hubble radius rather late, when k =
H ≫ S−1µ˙. This occurs after the µ˙ terms of
Eqs. (3.17,3.18) have already become negligible. So
the mode enters into the Hubble radius decoupled.
For these modes, there is no difference from the
usual case where there is no coupling between Dark
Matter and photons.
• For larger k (smaller wavelengths), the mode enters
the Hubble radius when k = H ≪ S−1µ˙, when the
Dark Matter is coupled to the photons. This re-
sults in a reduction in the Dark Matter fluctuation
amplitude compared to the noninteracting case as
soon as the mode is within the Hubble radius. If
the interaction of the Dark Matter with the photons
is not too strong, the DM − γ decoupling occurs
before collisional damping is sizable. This corre-
sponds to the weak coupling regime. The spectrum
then shows a characteristic behavior due to this
weak coupling, namely, a series of damped oscilla-
tions of slope knS−6.
• For even larger k (smaller scales), the perturbation
enters the Hubble radius even earlier, still when
k = H ≪ S−1µ˙, but also when k is sufficiently large
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so that at a later time k2/κ˙≫ H before the Dark-
Matter–photon decoupling. Then, the perturba-
tions experience collisional damping: Dark Matter,
photon and/or baryon perturbations are exponen-
tially damped. This translates into an exponential
cutoff in the matter power spectrum. This occurs
for larger γ − DM cross sections or smaller scales
than the previous regime. We call this the colli-
sional regime. So there is a range of interaction
rates and scales where only the previous regime
provides the damping.
• Finally, at very small scales, a new behavior ap-
pears: when the Dark-Matter–baryon–photon per-
turbations are enormously damped, the only signif-
icant perturbations that survive are those of (rela-
tivistic) neutrinos (this could be called the neutrino
regime). These of course have also experienced sig-
nificant damping because of free streaming. The
latter, however, is much less effective than the col-
lisional damping. The neutrino fluctuations can
therefore eventually dominate. Through gravity,
they regenerate Dark Matter fluctuations which,
although quite small, are much larger than they
would be under the sole action of collisional damp-
ing. For relativistic species, the damping of the
density perturbations varies only as (kη)−1 (η being
the conformal time), which explains the knS−6 slope
at high k on Fig 5. This undoubtedly occurs when
the amplitudes are extremely small, and anyway
yields a contribution which for most applications
is negligible compared to the one at larger scales.
Note that such a behavior can also be seen in a
model when all the (non interacting) Dark Matter
is made of one or two massive neutrino species.
These four regimes can easily be seen on Fig. 5 for various
γ −DM cross sections.
IV. REDUCTION OF SMALL SCALE POWER
The reduction of power on small scales for various Dark
Matter candidates can be described by a transfer function
TX defined such that
PX = T
2
X · PCDM, (4.1)
where PCDM is the corresponding Cold Dark Matter
power. For non interacting WDM particles, this damp-
ing due to free streaming is traditionally set, by con-
vention, at masses M < 1012M⊙, and is described in
Ref. [51] by an exponential cutoff TWDM = exp[−kRf/2−
(kRf )
2/2], where the comoving free streaming scale Rf
is given in terms of the Dark Matter mass [15], Rf =
0.2(ΩWDMh
2)1/3 (mWDM/1 keV)
−4/3
Mpc. A somewhat
more accurate result is found from a Boltzmann code
calculation, giving [52]
TWDM = [1 + (αk)
2ν ]−5/ν , (4.2)
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FIG. 5: Influence of Interacting Dark Matter on the mat-
ter power spectrum. As explained in the text, the deviation
from a CDM power spectrum exhibits several regimes, the
strong coupling regime, the collisional damping regime, and
the neutrino regime. The cosmological parameters here are
the same as for Fig. 4. The wiggles at very small scales for
large cross section are due to some unimportant numerical
accuracy problems.
where
α = 0.048Mpc( keV/mDM)
1.15
×(ΩDM/0.4)0.15(h/0.65)1.3(1.5/gDM)0.29, (4.3)
with ν = 1.2, and gDM = 1.5 for a neutrinolike Dark Mat-
ter candidate. For specific sterile neutrino WDM candi-
dates this form is somewhat changed [53].
From Fig. 5, it is clear that IDM can provide an ini-
tial reduction of small scale power similar to what WDM
gives. A good fit to the transfer function
PIDM = T
2
IDM
(k) · PCDM, (4.4)
is (at least near u = [σDM/σTh][mDM/100GeV]
−1 ∼
10−6)
TIDM = [1 + (αk)
2ν ]−5/ν , (4.5)
where again ν = 1.2 and
α = 0.073Mpc
(
u/10−6
)0.48
. (4.6)
On smaller scales this expression naturally breaks down
because of the presence of oscillations in the spectrum,
but we are mostly interested in the scale at which IDM
begins to produce significant deviations from the stan-
dard CDM case. It is justified since the second maximum
is already down by at least an order of magnitude.6
6 This procedure amounts to fitting the first downward oscillation,
12
A comparison of Eqs. (4.2) and (4.5) reveals that
a heavy particle (e.g., m = 100GeV) with scattering
cross section with photons of approximately σγ−DM =
10−6σTh, can provide the same reduction of small scale
power as a conventional WDM particle with mass m =
1keV. We thus see explicitly how IDM can disguise itself
as WDM.
On the other hand, one immediately gets constraints
on the allowed scattering cross section for the following
reason. In order to reproduce the observed properties of
the Lyman-α forest in quasar spectra one gets a bound on
the free streaming scale [54], corresponding to a WDM
mass of approximately 0.75 keV. Furthermore, by ex-
tending the Press-Schechter formalism to include WDM
(see, e.g., [14], where the problems this raises are dis-
cussed), one can study galaxy formation with varying
WDM mass. Combined with the existence of a supermas-
sive black hole at z = 5.8 one finds [55] a lower bound
on the WDM mass of approximately 0.75 keV. These
results apply equally well to IDM, because of the damp-
ing of small scale power, and the results of Refs. [54, 55]
translate into the bound
σγ−DM
mDM
<∼ 10−6
σTh
100GeV
≃ 6× 10−33 cm2GeV−1. (4.7)
This bound is stronger than the one, u < 5 × 10−4 [28],
obtained by considering collisional damping alone. The
reason is the reduction in the amplitude of the Dark Mat-
ter fluctuations, coupled to the photons before collisional
damping sets in. As already mentioned this bound is also
stronger than the constraint u < 10−3 arising from CMB
anisotropies.
This bound is obtained under the conservative assump-
tion that the abundance of 1012M⊙ galaxies is correctly
given by CDM, and requires no knowledge of the num-
ber of smaller objects. Should we take the more incisive
point of view that CDM yields the observed abundance
of 109M⊙ objects, then the above bound is lowered by
somewhat more than an order of magnitude.
V. CONCLUSION
We have considered the effect of Dark-Matter–photon
interactions on the evolution of primordial Dark Mat-
ter fluctuations. Rather than growing when they enter
the horizon, the fluctuations stay of constant amplitude,
i.e., the moment kηdec ∼ 1 in Eq. (3.38). Indeed, we see that
α is nearly proportional to ηdec. Our cosmological parameters
imply ηdec = 0.35Mpc
(
u/10−6
)0.5
, that is, αk ∼ kηdec/5. Un-
doubtedly, the fitting form (4.5) just reproduces the fall-off of
cos(kηdec/
√
3) damped by the factor B(kηdec), Eqs. (3.7,3.38).
In the case of free streaming, for a damped sinusoidal function,
quite a similar fall-off is present, but for totally different reasons.
This nevertheless explains the similarity of the fitting forms.
as do the photon fluctuations. This impeded growth ap-
pears as a damping compared to the original amplitude of
the fluctuations. Moreover, fluctuations on scales much
below the size of the horizon are seen to couple to the
photons at a rate much lower than the rate at which they
oscillate. This is an additional, new, damping process we
have called weak coupling. As a result, horizon-size Dark
Matter fluctuations are seen to be damped if coupled to
photons. The usual (exponential) damping sets in for
much smaller scales. We hence have obtained a new con-
straint on the allowed cross sections. This bound (5.1)
is two orders of magnitude stronger than the necessary
condition obtained by considering the exponential damp-
ing of Dark Matter fluctuations induced by the photon
interactions [28]. This new bound reads
σγ−DM/mDM <∼ 10−32 cm2GeV−1. (5.1)
The maximum allowed value reduces the matter power
spectrum in a way corresponding to a conventional Warm
Dark Matter particle with a mass of about 1 keV but
leaves the cosmic microwave background anisotropies
undisturbed. Using recent bounds on the scale of reduc-
tion of the matter power spectrum thus allows us to put
new bounds on the allowed photon–Dark-Matter cross
section.
This corresponds to a universe which is well transpar-
ent to photons: the free mean path of a photon due to
the interactions with Dark Matter in a halo core of mass
density 0.02M⊙ pc
−3 is of order 6×104Gpc, and the op-
tical thickness toward the (usual) last scattering surface
is below 10−5. The value (5.1) nevertheless remains quite
large compared to the theoretical estimates usually en-
countered for weakly interacting particles, although there
are no compelling reasons to exclude it. Anyway, this
leaves open new possibilities as far as the nature of Dark
Matter is concerned.
The lower bound (5.1) implies that Dark Matter decou-
ples from the photons before the collisional Silk damp-
ing is at work, leaving an oscillating, power-law, damped
matter power spectrum. This new damping regime bears
some similarities with the free streaming case, although
here the Dark Matter and photon fluids are undoubtedly
coupled. Such Dark Matter particles therefore appear
to be good Warm Dark Matter candidates, with features
in the matter power spectrum different from the conven-
tional WDM at very small scales.
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